Communicated by Verne Grant, May 12, 1969 Abstract.-Nine populations of Juniperus virginiana were sampled at approximately 150-mile intervals along a 1500-mile transect from northeastern Texas to Washington, D.C. Individual plants were examined for terpenoids by gas liquid chromatography and the resulting data analyzed by numerical classification methods using characters weighted according to their estimated variance in the natural populations.
The results of the analysis show that these populations of J. virginiana cluster clinally from northeast to southwest, the more homogeneous populations occurring in the Appalachian region of North America; the more divergent populations found in progressively more distant regions, as measured along the transect from the northeast toward the southwest. No biochemical evidence could be found to support the hypothesis that hybridization with J. ashei might be causing this variability, as had been widely supposed previously. Clearly what is implied in these studies is introgression or gene-flow on a subcontinental scale. Indeed, the study of hybridization between J. ashei and J. virginiana has been repeatedly referred to as one of the most detailed, bestdocumented examples of allopatric introgression in the literature. [4] [5] [6] Recent work,7-9 however, using both chemical and morphological data, has failed to substantiate the case for hybridization and introgression between J. ashei and J. virginiana. In fact several authors10 suggest that the morphological variation found in J. virginiana is clinal, i.e., the species has formed or is in the process of forming regional races as a result of adaptational mechanisms arising out of its own gene pool, this being unrelated to the possible influx of genes from the largely allopatric J. ashei.
Using gas chromatography, we ascertained the quantitative variation in terpenoid compounds for individuals both within and between populations; these data were then used in combination to test for clinal variation within the J. virginiana complex.
Confirmation of a clinal structure in the populations comprising J. virginiana was made possible through a clump-searching numerical classification algorithm recently developed to assist in problems of biological classification, particularly at the infraspecific level. This numerical procedure yields a hierarchy of collections of mutually similar objects, called aggregations. A discussion of the numerical classification method is found in reference 11.
Two philosophies of character weighting are considered in this paper. A weighting procedure believed to be consistent with the subjective weight that most taxonomists use in systematic studies, which essentially gives more weight to characters that have relatively small variations within natural populations and de-emphasizes characters that have large (seemingly random) populational variations, was used in obtaining the results reported here as evidence of a northeast-to-southwest clinal variation in J. virginiana. In Chemical analysis: A gas chromatographic analysis of the terpenoids in J. virginiana yielded percentage distributions of 37 distinct compounds that were detected in sufficient quantities to be well above instrumental error as well as having the appearance of being present in reasonably consistent amounts within the individual populations.
The chemical analysis was described in detail previously.8-9 The individual components, 1 to 37, used in the analysis were a-pinene and thujene (combined), sabinene, 3-carene, myrcene, limonene, f3-phellandrene, y-terpinene, terpinolene, "peak 16,"9 "peak 17," linalool, methyl citronellate, "peak 22," 4-terpinenol, "peak 25," estragole, "peak 27," methyl vinyl anisole, 6-cadinene, "peak 30," citronellol, "peak 32," nerol, "peak 34," geraniol, "peak 37," "peak 39," methyl eugenol, "peaks 41 and 42," elemol, elemyl acetate, "peak 46," -y-eudesmol, "peak 49," a-eudesmol and elemicin (combined), ,3-eudesmol, "peak 53," and acetate II.
Data characterization: The terpenoids had different ranges of variation and clearly could not vary independently, since only relative percentage values were available. Therefore, before any character weighting was attempted, a set of uncorrelated characters was estimated utilizing a transformation common in principal-axis factor analysis studies constructed from the eigenvectors of the pooled sample correlation matrix. The data for each plant were transformed to yield uncorrelated characters with pooled sample variances of unity and zero means. Data transformed in this manner are usually referred to as factor scores in the terminology of factor analysis.12
The Adansonian characterization of each population was obtained by averaging the transformed data over the individual population samples. This was considered to be an Adansonian characterization because normalizing the variation of each of the uncorrelated characters and making all the weighting coefficients in the taxonomic distance expression equal tends to equalize each character's influence in the calculation of taxonomic distance or similarity.
In this study the taxonomic distance for a pair of populations indexed j and k was defined as
where N is the number of uncorrelated characters considered, and Xj is the average value of the nth uncorrelated character from the sample of thej th population. The weight-N ing coefficients, Wn, n = 1 2, ... N, satisfy the constraint E Wn2 = 1. The measure of similarity for populations j and k was defined as S(jk) = 1 -(0.1)d(jk). where the factor of 0.1 was conveniently chosen to ensure that 0 < S(j,k) < 1, for all object pairs.
The number of uncorrelated characters produced by the transformation of eigenvectors is limited by the rank of the sample correlation matrix. The rank of the correlation matrix for this pooled J. virginiana data was 36. Eigenvectors with small eigenvalues are often omitted in the transformation reducing the number of transformed characters on the basis that they may be due to "random error."'31 The question of exactly how many characters to use in the calculation of taxonomic distance is especially important in an Adansonian analysis because each character is equally weighted in the calculation. However, this type of analysis is not considered here because the results from the Adansonian characterization are somewhat secondary to the discussion, and are presented only for gross comparison with the principal results based on characters weighted according to variance. Weighting characters according to variance tends to eliminate the effects of characters that are due to random error by de-emphasizing the characters that are most variable.
The method of character weighting used in this study is considered to be more consistent with present systematic methods than the Adansonian approach'4 and is based on using weighting coefficients in the taxonomic distance expression determined from the average of the individual population sample standard deviation estimates of each uncorrelated character and the estimated pooled sample standard deviations of each character. The weighting coefficient for character n was computed from
where Spn is the average of the population sample estimates of the standard deviations for character n, and sn is the pooled sample standard deviation estimate for the nth character. The constraint on cn, n = 1,2 ... N, was then applied to normalize these weighting coefficients.
The significance of the weighting coefficients is that they give relatively large fractional weight to those characters that tend to have small variations on the average within each population sample, and simultaneously have different population means which result in relatively large pooled-sample variations.
Results and Interpretation.-Adansonian characterization: The hierarchy of aggregations illustrated in the form of a contour map for the 12 J. virginiana populations using the Adansonian data characterization is shown in Figure 1 . The various aggregation levels are noted on the contours in a manner similar to elevation levels shown on a surface contour map. The aggregation with the highest level contains populations 6 and 7, which appear approximately in the middle of the range of the transect from near Texarkana to Washington. The aggregations at successive lower levels, tend, grossly speaking, to include more populations on both sides of the middle until the level of the last aggregation is reached where the Canadian population is finally included with the other 11 populations. However, an inspection of some of the finer details of the hierarchy reveals a few apparent discrepancies with this general trend. For example, populations 10 and 11, which are near Durham, do not appear in the hierarchy of aggregations at the level in which their near neighbor population 8 is included, but instead are included at a much lower level. This is an indication that the quantitative distribution of the terpenoids in populations 10 and 11 was not particularly similar, in a relative sense, with the distribution found in their nearest neighbor. However, this was not entirely unexpected because, as indicated in the previous section, populations 10 and 11 490 were sampled approximately five weeks earlier (before winter temperatures had firmly set in) than the others on the transect, and there is reason to believe that terpenoids vary quantitatively not only from season to season, but often during different months of the season, especially in foliage samples of the type collected in this study.'5' 16 The fact that populations 10 and 11 clustered according to the season collected (late fall) and not according to the geographical proximity of nearest neighbor populations speaks for the sensitivity of the combined approach of chromatographic data analyzed by the numerical classification techniques used here, and lends credulity to the northeast-to-southwest clinal structure discussed in the next section.
The other notable discrepancy in this general trend in Figure 1 is that population 3 is included in the hierarchy of aggregations at a level higher than the levels at which populations 4 and 5 are enclosed. However, an inspection of the levels involved makes it apparent that, in contrast with the previous case relating to populations 10 and 11, the levels in this instance are very nearly equal. This suggests that perhaps this particular order of aggregations in the hierarchy may not be expected to be preserved under the purely statistical fluctuations of repeated resampling even in the dormant winter period when the terpenoids are relatively stable.
Weighted characters: A contour map showing the hierarchy of aggregations for the twelve J. virginiana populations, using characters weighted according to variance, is shown in Figure 2 . The aggregation at the highest level. contains populations 8 and 9, located near Durham and Washington. At lower levels, the aggregations tend to enclose successive populations along the transect from Washington to the vicinity of Texarkana indicating a northeast-to-southwest clinal variation in J. virginiana and differing in this respect from the results shown in Figure 1 using an Adansonian characterization. However, there are, as in the previous Adansonian results, discrepancies with the general trend. Populations 10 and 11, near Durham, again appear to be relatively distinct from their neighbor population 8. Similarly, population 3 appears in the hierarchy of aggregations at a slightly higher level than populations 4 and 5. The aggregation levels involved in this latter instance are again very nearly equal and relatively small variations in sample means for these populations would alter the order of these aggregations in the hierarchy. Clearly, an analysis yielding an estimate of the statistical significance of the ordered aggregations in a hierarchy is desirable, and this has been resolved using a statistical test such as the Duncan's New Multiple Range Test."7
Consider, for example, the apparent discrepancy in the general trend of a northeast-to-southwest clinal variation when population 3 appeared in the hierarchy of aggregations (Fig. 2) at a slightly higher level than the level at which population 4 is included. The statistical significance of such apparent discrepancies may be tested by applying a multiple range test to the cluster similarity levels of the clusters responsible for forming the ordered hierarchy of aggregations. If the difference between the mean of the similarity measures for the cluster (or clusters) containing population 3 that is included in the hierarchy of aggregations at a level above the first cluster appearing in the hierarchy con- taining population 4, and the mean of similarity measures of the latter cluster is significant in at least one instance with a sufficiently high probability, then the discrepancy is accepted; otherwise the two populations are considered to be included in the hierarchy at the same level, and the aggregation contours are merged.
A test of the statistical significance of the aggregations containing the populations along the transect was performed utilizing the New Multiple Range Test at the 5 per cent level. This test assumes that the variances of the populations being sampled are all equal. The estimated variance associated with population 5 was notably larger than those associated with the other populations on the transect. Variance ratio tests involving population 5 with its neighboring populations were significant at the 1 per cent level and, as a result, population 5 was not considered in the calculations of the test.
The results of the statistical analysis showing the aggregations with statistically significant level differences may be summarized by listing the population identifi-cation numbers in the order in which they appear in the hierarchy of aggregations in Figure 2 as follows: 1 10 11 2 4 3 6 7 8 9
These population numbers may be used to specify the various aggregations by associating each aggregation with the population that entered the hierarchy at the aggregation's level. The population numbers that are underscored by the same line identify aggregations with insignificant level differences. The numbers not underscored by the same line identify aggregations with significantly different levels. These results are illustrated by the aggregation contours in Figure 3 . The dotted contour sections in the vicinity of populations 6 and 10 signify the corresponding overlap of the significant level ranges. Since results from both unequally weighted data and an Adansonian character- ization are presented in this paper, it seems pertinent to compare the hierarchical structures produced by these approaches with phytogeographical theory. Both weighting methods reveal a clinal structure in the populations: the Adansonian characterization results in hierarchical clustering from the center of the dine outward toward both the northeast and southwest (Fig. 1) ; that using unequally weighted characters results in hierarchical clustering from the northeast to southwest (Fig. 2) . The latter approach shows the Appalachian populations (6, 7, 8, and 9) as clustering homogeneously at the highest significant level of similarity with the more geographically distant populations, as measured along the transect from the northeast toward the southwest, clustering at successively lower levels of similarity. The hierarchical structure resulting from the unequally weighted characterization is more consistent with what is believed to have been the phyletic history of the extant populations that comprise the species; i.e., that J. virginiana was originally a species belonging to an essentially northeastern flora, having occupied the ancient land mass of Appalachia in remote times but subsequently extending its range to peripheral western areas as previously submerged land became newly exposed for occupancy.4
